seas. Here we present estimates of the rate of turbulent kinetic energy dissipation inferred from microstructure shear probes and compare them with dissipation rates inferred from a standard conductivity-temperature-depth instrument and from a fast thermistor (Thorpe Scale methodology) at a site in the seasonally-stratified Irish Sea. All methods show strong dissipation rates in response to tidal stresses near the bed 10 (order 10 −2 W m −3 ) with qualitatively similar temporal and spatial patterns. In the interior of the water column, however, only the microstructure shear probe estimates resolve the mixing in the region of the thermocline.
Introduction
In stratified shelf seas, mixing is primarily driven by bottom-boundary tidal stresses, 15 surface-boundary wind stresses and convective processes; although shear driven by near-inertial oscillations, internal tide and topographic lee waves may also be important sources of instability within the interior of the water column. These interior processes are particularly important if they drive a flux of nutrients across the base of the thermocline, into the sub-surface light layer, providing a link between the photic zone and the 20 nutrient rich water below the thermocline. This turbulent flux of nutrients is crucial for sustaining the summer sub-surface chlorophyll maximum which has been estimated to fix up to twice as much carbon as the spring bloom (e.g., Richardson et al., 2000) and hence is a major component of the Shelf Sea Carbon Pump. Thus the ability to measure turbulent mixing in the region of the thermocline is essential in order to iden-Discussion Paper | Discussion Paper | Discussion Paper | Discussion Paper | tify the key physical processes which control the supply of nutrients to the sub-surface phytoplankton population (e.g., Rippeth, 2005) . Microstructure measurements of the rate of dissipation of turbulent kinetic energy (using shear probes) are now commonly used to study turbulent mixing in the ocean and shelf seas, however a technique that has seen a resurgence in recent years is the 5 use of the Thorpe scale and the relationship between the Thorpe and Ozmidov scales to infer turbulent mixing (e.g., Stansfield et al., 2001; Finnigan et al., 2002) . Use of the Thorpe Scale is appealing as it involves fewer assumptions than other "indirect" approaches based on shear and strain (which in any case are only applicable in the open ocean) and, because it uses standard oceanographic instrumentation as opposed to 10 specialist microstructure dropsondes, thus it has the potential to provide wide ranging spatial and temporal estimates of the mixing levels.
The technique proposed by Thorpe (1977) involves the observation of density overturns. The Thorpe scale, or vertical overturning scale L T , is defined as the root mean square (rms) of the vertical displacements, or Thorpe displacements L, required to re-15 order a measured profile of potential density so that it is gravitationally stable. If the Ozmidov scale (Ozmidov, 1965 ) is related to the Thorpe scale by L O = 0.8L T as found by Dillon (1982) then the turbulent kinetic energy (TKE) dissipation rate, ε, can be calculated as ε = (0.8L T ) 2 N 3 . If the mixing efficiency is taken to be Γ = 0.2 diffusivity
T can also be estimated, where N is the buoyancy frequency of the re-20 ordered density profile. Note that the coefficient of 0.1 is not firmly established (e.g., Caldwell and Moum, 1995) . The expressions for K v and ε, are valid only in regions that are stably stratified on the large scale and where mixing is a result of mechanical energy input, for example from winds or tides, rather than convective processes. Thorpe scales have been used recently to provide valuable insight into small-scale 25 mixing processes in a variety of different regions, however these studies are either from deep-ocean sites with rough topography (e.g., Finnigan et al., 2002) , regions where large surface wind stresses, buoyancy fluxes and eddy processes are important (e.g., Thompson et al., 2007) , regions of dense water overflow (e.g., Fer et al., 2004) where there is a strong gravitational (estuarine) circulation (e.g., Stansfield et al., 2001; Galbraith and Kelley, 1996) . This is the first study of Thorpe scale estimates of small-scale mixing processes in a shelf-sea region where tidal stresses near the bed and surface buoyancy fluxes are the dominant inputs of mechanical energy. Moreover, few direct comparisons have 5 been made between Thorpe scale and microstructure shear probe dissipation estimates, especially in the shelf seas.
In this paper we present results from an experiment specifically designed to investigate how independent estimates of TKE dissipation from microstructure shear probe measurements, from standard conductivity-temperature-depth (CTD) data and from 10 fast thermistor data (Thorpe Scale methodology) compare. We also assess the ability of each technique to resolve the turbulent mixing in the region of the thermocline.
Study site and observations
Our study site was located in the western Irish Sea just landward of the seasonallyformed western Irish Sea front (henceforth referred to as the SWIS site). Here the 15 tides are weak with peak currents of 0.3 to 0.5 m s −1 . At the SWIS site the vertical water column structure has a distinct seasonal regime. The region stratifies during the heating season (April-October) when there is insufficient tidally-generated turbulent energy to maintain vertical mixing against input of surface buoyancy (Simpson and Hunter, 1974) . This leads to the formation of the western Irish Sea front. An analysis of 20 infra-red satellite sea-surface temperature imagery by Simpson and Bowers (1981) and early modelling work by Hill (1993) have shown that thermal stratification in summer at the SWIS site and the formation of the western Irish Sea front follows a remarkably consistent pattern from year to year. to less than 13
• C) southwest of the Isle of Man; the approximate location of the SWIS study site is marked by the red cross. Thirty-minute average wind speeds during the time-series peaked briefly at 11.4 knots but were typically less than 8 knots giving calm sea-state conditions. The sampling strategy was to make consecutive FLY dropsonde profiles for a period 10 of about 30 min followed by two back-to-back CTD profiles, this pattern was repeated for the duration of the time-series (see Dewey et al., 1987 , for a description of the FLY profiler). This yielded a data set of 172 microstructure profiles (FLY shear probe and fast thermistor data) and 58 fine-structure profiles (CTD data). Simultaneous profiles of water column velocity structure were measured using 15 a 300 kHz downward-looking acoustic doppler current profiler (ADCP) mounted to the bottom of the research vessel. This gave velocity information from 10 m below the seasurface to within 14 m of the bottom in 4 m vertical bins and at 5 min intervals. Turbulent kinetic energy dissipation rates were derived from the FLY shear probe data using the method described in Rippeth et al. (2003) . High-frequency temperature 20 was derived from the low frequency (20 Hz) temperature data and the high frequency (140 Hz) time derivative of temperature from the fast thermistor using the method of Mudge and Lueck (1994) .
Since the temperature signal and its derivative are sampled separately at different temporal resolutions the method uses the following steps. First the low resolution tem-25 perature is interpolated to the high frequency resolution. Next the new high resolution temperature data are combined with the high-frequency dT dt data. The combined data set is then filtered using a cut-off frequency, Ω c , based on a differentiator gain of 1.85 which is known to be the gain of the dT dt circuit (see Mudge and Lueck, 1994) . Finally OSD and Galbraith and Kelley (1996) . As the surface to bottom range in salinity during the time-series is less than 0.2 while the temperature range is greater than 6
• C, and because spice gradients are all greater than zero (indicating that density gradients are due to temperature changes) we conclude that temperature profiles are sufficient for identifying overturning regions. Note also that in determining the dissipation of a single 10 overturn we have taken the mean value of buoyancy frequency over the reordered region of the overturn since overturns occur mostly in regions of low stratification (Alford and Pinkel, 2000) . Following Johnson and Garrett (2004) we have calculated the non-dimensional parameters Q and n which describe the two limiting factors of overturn detection: density
15
(in our case temperature) resolution and vertical (pressure) resolution. Using values from our study, and sensor resolutions given in Stansfield et al. (2001, Table 1) , the amplitude of the noise scaled by the temperature change over the section is
and n is given by
where δT is the instrument noise, ∂T /∂z is the stratification, H is the vertical extent of the water column sampled, and h is the vertical sampling interval. For nQ > 1, temperature resolution limits overturn detection, while for nQ < 1, vertical resolution limits overturn detection (Stansfield et al., 2001 ). Here nQ < 1. Hence in log(n) vs. log(Q space our data lies in the upper left hand corner of the non-dimensional parameter space where overturn detection and resolution is improved (see Johnson and Garrett, 2004; Thompson et al., 2007) 3 Stratification, shear and turbulence structure Figure 2 shows the time series of stratification from the CTD, shear from the ADCP,
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TKE dissipation rate from the FLY shear probes, the CTD temperature Thorpe scales and the FLY high resolution temperature Thorpe scales; data from the top 10 m of the water column are not shown. The mean vertical profile of each parameter is shown to the right of the time-series plot. The water column is stratified ( Fig. 2a) with a buoyancy frequency, N, of 0.007 s (Fig. 2d and e) show qualitatively similar temporal and spatial patterns. There is a strong signal in response to tidal stresses near the bed (peak values are of order 10 −2 W m −3 ) which agrees quantitatively with values found at a nearby site in the Irish Sea by Simpson et al. (1996) . As the semi-diurnal barotropic tidal current weakens between peak ebb and peak flood the velocity shear induced by the interaction of the 20 tidal flow with the seabed propagates into the interior of the water column (up to about 40 m above the sea-bed) and results in a clear quarter-diurnal signal of enhanced levels of TKE dissipation (Simpson et al., 2000) . The quarter-diurnal signal is most evident in the FLY shear probe TKE dissipation rate data but is also discernable in the CTD-derived and to a lesser extent in the fast-thermistor-derived estimates. That clearly than the fast-thermistor derived estimates is somewhat surprising as the CTD data has only one-third the temporal sampling resolution of the FLY data sets. Mean TKE dissipation rates in the bottom boundary layer (lower 40-50 m) are 4×10 −4 W m −3 for both the shear-probe and fast-thermistor derived estimates, but a little higher at 6 × 10 −4 W m −3 for the CTD estimates. In the thermocline however both 5 Thorpe scale derived TKE dissipation estimates are one to two orders of magnitude lower, at less than 10 −6 W m −3 , whereas the shear probe derived estimates are of order 10 −5 W m −3 . Based on the stratification and the TKE dissipation rates from the FLY profiler shear probe data, the Ozmidov scale, which sets the vertical length scale of the mixing, is expected to be much less than 1 m in the region of the thermocline and of 10 order 15 m in the bottom boundary layer. Thus the Thorpe-scale methodology underestimates the mixing in the thermocline where the stratification reduces the overturning scale, but can resolve the turbulent mixing in the bottom boundary layer. The timemean profile of TKE dissipation rate from the microstructure shear probe data show that although the thermocline is highly restrictive on the mixing length scale (all meth-15 ods show this) there is a distinct thermocline maxima suggesting an external source of energy. Figure 3 shows TKE dissipation rates binned into a parameter space defined by 4 m stratification and 4 m shear variance (only bins containing 3 or more dissipation estimates have been plotted). For the shear probe and both Thorpe scale TKE estimates, 20 dissipation rate increases with decreasing stratification and increasing shear, however dissipation rates are moderately elevated at low stratification values for all values of shear measured. This pattern may be because the mechanical energy input into the mixing is variable in time and is at a maximum on peak ebb or flood tidal currents. In addition, as the peak dissipation propagates vertically into the interior of the water 25 column, high dissipation rates can be associated with regions of comparatively low shear and stratification (see Fig. 2b and c) . Note that the Thorpe scale methodology gives no dissipation rate estimate if no overturn is detected. The difference between the fast thermistor and CTD-derived dissipation rates is most likely because the bottom boundary layer is relatively well mixed with low stratification and high shear and that the temperature differences in this region are not resolved by the FLY fast thermistor. In a recent study of mixing on the New England Shelf in late-summer, MacKinnon and Gregg (2003) compare the pattern of observed TKE dissipation rates, binned by 4 m stratification and 4 m shear variance, with the patterns predicted by the Henyey dissipation rate parameterization (Gregg, 1989 ) and a new parameterization suggested by the authors (see MacKinnon and Gregg, 2003, Fig. 13 ). For the GreggHenyey parameterization (based on open ocean, mid-latitude, observations) TKE dissipation rate increases with increasing shear for all stratification values, unsurprisingly this pattern did not match the observations from the shelf where much of the shear 10 was due to the low frequency, large-scale, internal motions (including inertial oscillations and evidence of an internal tide). The new parameterization proposed by MacKinnon and Gregg (2003) showed closer agreement with their observations from the shelf whereby TKE dissipation rates increased with increasing shear and increasing stratification. Neither parameterization matches our observations. This suggests that the 15 pattern of TKE dissipation rate in shear/stratifcation space may be an indicator of the dominant physical processes driving the mixing, in our case tidal stress in the bottom boundary layer and surface buoyancy and wind stresses (not resolved by the CTD or fast thermistor observations).
Conclusions

20
Our results indicate that where tidal stresses are the dominant input of mechanical energy into the turbulence the TKE dissipation rate increases with decreasing stratification over the entire range of shear values measured. This pattern is markedly different to that observed by MacKinnon and Gregg (2003) over the New England Shelf where internal shear was driven primarily by large scale, low-frequency, internal motions. We lence. However, caution must be exercised as 4 m shear and 4 m stratification are unlikely to be the relevant parameters in a region where turbulent mixing scales are on the order of cm. Thus the transition to turbulence, for whatever process is driving thermocline mixing, is likely not only under resolved but completely ignored. We have shown that the Thorpe scale methodology applied to temperature data from 5 a standard CTD may be used to calculate TKE dissipation rates in the bottom boundary layer of a tidally dominated, thermally stratified, shelf-sea. However, this approach does not resolve the small-scale mixing occurring in the region of the thermocline even when the high-frequency temperature data is used. This precludes use of the Thorpe scale technique for studying carbon and nutrient fluxes in the region of the thermocline and 10 sub-surface chlorophyll maximum, thus observational studies of these processes must appeal to microstructure shear probe measurements. 
